In the present paper, we study the interaction between atomic hydrogen generated in a microwave afterglow with amorphous hydrogenated carbon films. A simple surface model is described and compared with the experimental results. For high H flux, erosion is limited by desorption of volatile species from the surface. For low H flux, erosion rate is controlled by adsorption of H atoms on surface. We deduce from comparison between the model and the experiments desorption energy of volatile species Edes=0.19eV and the adsorption of H Eads=0.2eV.
Introduction
Amorphous hydrogenated carbon thin films (a-C:H) deposited by PECVD exhibit various properties and can be used in many fields of applications: coatings for prostheses [1] , data storage [2] , low-k [3] or photoconductive [4] layers. A wide range of a-C:H structure can be reached from polymer-like carbon and graphite-like forms to hard a-C:H and diamond-like carbon. These structures are highly related with the plasma process and consequently with the deposition mechanisms. In contrast with homogenous thin film, nanocomposite can be easily deposited by plasma processes. These materials are based on nanometric powders which are formed in the plasma volume and embedded in the matrix deposited on the surface. These films highlights properties relied to the powder and matrix ones. Then, a lot of new applications can be reached such as hard or biocompatible coatings. These dust particles are well known in capacitive radiofrequency discharges where nanoparticles are trapped and grow above the cathode sheath until a critical size or the turn off of the discharge when dust particles fall on the substrate holder. Very recently [5. ], we reported dust particles of 100 nm radius size in Microwave Multipolar Plasma excited at Distributed Electron Cyclotron Resonance [6] . In these particular systems, the pressure is very low, a few mTorr, and consequently the mean free path of any species is larger than the dimensions of the reactor. In addition, the nanoparticles formed in the plasma are not trapped above the substrate sheath but by the static magnetic field: a key role of the magnetic field on the confinement of negative ions has been highlighted [6] . Then, in C 2 H 2 plasmas these dust particles appear whatever the conditions [6] . In contrast, in CH 4 plasmas, dust particle mechanisms do not take place.
But, the presence in the gas phase of C 2 H 2 molecules has been revealed by FTIR [7] . Due to the low pressure, these molecules can only come from the interaction between plasma species and the deposition film on reactor surfaces. Thus by increasing the concentration of volatile species produced from the wall, it would be possible to form nanocomposite thin films from CH 4 discharges in MMP-DECR. Many works have been done to get a better understanding of the a-C:H film deposition mechanism [8] . They pointed out a competition between erosion by H atoms and ions, and deposition of carbon content species. In this work, we propose to study the interaction of atomic hydrogen on a-C:H layers, mechanism which plays an important role in dust formation in one hand, and in the chemical equilibrium of the discharge in the other hand. After introducing the set-up, we propose a very simple model describing the interaction of hydrogen with a-C:H layers taking into account etching by hydrogen atoms and formation of volatile species. Experimental erosion rates are measured and compared with the model.
Experimental Setup
The experiments were performed in the experimental system schematically shown in Figure 1 . The processing chamber is connected to a discharge vessel which is a quartz tube with the inner diameter of 5 mm and length of 30 cm. The discharge tube is placed into the surfatron cavity powered by a microwave generator. The distance between the surfatron cavity and the entrance to the processing chamber is 20 cm. A mixture of argon with 2 % hydrogen is leaked into the discharge tube through a precise flow meter. The processing chamber is pumped by a 28 m 3 /h two stage oil rotary pump through a throttle valve which is kept fully open during our experiments. Pressure is fixed at 2 Torr and measured with an absolute vacuum gauge. The processing chamber is made from Pyrex cylinder of length 30 cm and diameter 15 cm. The gas enters the processing chamber through the 5 mm wide quartz tube. The focus of the laser beam is fixed at the axis of the processing chamber. The sample is placed on a substrate holder which can be temperature controlled and heated up to 150°C.
Figure 1: Experimental set-up
For TALIF measurements, Brewster angle windows are axially disposed along the reactor to avoid reflection of the laser beam. Detection of the fluorescence is performed perpendicularly to the laser beam through the window at the top of the reactor. Fluorescence light is selected using a filter in front of a photomultiplicator. A technique has been proposed to determine the absolute atom number densities by generating a TALIF signal from a known amount of a different stable species by an excitation scheme that is very close to the one applied for atomic radical [9] . The absolute atomic hydrogen density in the post-discharge can then be determined from the ratio of the TALIF signals when the relative detection sensitivity for the two species is known. This method has been demonstrated for the calibration of H ground-state density using a twophoton transition in Krypton [10] . a-C:H films have been deposited in a DECR plasma using methane gas [11] . Prior to the treatment in microwave discharge afterglow, the samples were analyzed by FTIR. They exhibit 6% of sp2 hybridation and we estimated that the hydrogen content into the film was 0.1 mol/cm 3 . Profilometer and ex-situ ellipsometer were used to estimate the thickness and the modification of the a-C:H films before and after treatment.
Erosion model
No hydrogen diffusion is observed in material volume as pointed out by ellipsometry and in well agreement with previous study even with H ions [12] . The depth of the modified layer never exceeds 2 nm and does not exhibit any difference versus plasma conditions. In our model, we will neglect consumption of H atoms by diffusion into the volume of a-C:H film. In a first and very simple approach, we also neglect the H+H recombination at the surface which would lead to a reduction of H content in the film. We assume that one type of bound in the film is broken to liberate volatile species C x H y which means only one frequency of liberation. We will see further with the experimental results that this assumption is well verified. As a consequence, we only assume interaction of H atoms at the surface by taking into account both bonding of H at the surface and erosion of the film by formation of volatile species. Then, erosion rate of a-C:H film by atomic hydrogen can be expressed as: 
where A is a constant, n H is the number of occupied sites by H at the surface,n 0 is the number of sites at the surface where H can be bounded, θ(t) is the dangling bond coverage and τ lib (T) the frequency of liberation of one volatile specie. This last term can be expressed as:
where E lib represents the energy threshold required to liberate a C x H y specie in the gas phase. With writing the balance equation for n H , we obtain:
where Φ H is the hydrogen flux at the surface and p H is the probability for an hydrogen atom to be chemisorbed on the surface. As a result of the last equation, we can express θ(t) and subsequently the erosion rate:
with
This expression shows that the etch rate depends on the surface temperature and on the hydrogen flux arriving at the surface. These two parameters have to be controlled during post-discharge treatment. The evolution of the erosion rate versus time will allow determining some of the physical parameters expressed the last equation and related to H interaction with a-C:H.
Experimental results
With varying the source power, we only affect H density close to the substrate holder. By performing. TALIF measurements and taking into account the velocity distribution close to the substrate [12] it is possible to give an estimate of H flux impinging the a-C:H surface. Because the pressure is kept constant in our experiments, the atom velocity is similar and is estimated to be close to 1 m/s. Figure 2 depicts the flux of H atoms versus source power. We observe that first it increases almost linearly with the power and then reaches a plateau from approximately 60 W. These experimental observations are well consistent with the erosion model proposed in section 3. First, equation (4) indicates that etch rate reaches a limit with a constant time equal to τ:
Clearly, the higher is the H flux and subsequently the H coverage of a:CH surface, the more rapidly the permanent regime is reached. In the case of high H flux, the time constant can be low enough to not observe the transient regime, as for 100W. From equation (4), the erosion rate can be expressed as: Figure 4 shows the erosion rate obtained at 100 W when varying the substrate temperature plotted versus the inverse of kT. We observe that the shape is linear indicating that (i) one type of bound is broken to liberate the volatile species whatever these species C x H y . For the a-C:H film under study, we can deduce liberation energy equal to 0.19 eV. This value is relatively low if we compare to the binding energy of sp2 or sp3 carbon bonds, 6.5eV and 3.68eV respectively. This energy may correspond to the energy of desorption of a molecule adsorbed at a-C:H surface. Its value is in agreement with Bond [13] and Liebermann [14] works. For low H flux, e.g. low input source power, and in the permanent regime when erosion rate is constant, the expression of the erosion rate can be deduced from equations (4) and (5):
That means that in those conditions, the erosion rate is limited by the adsorption of H atoms on a-C:H surface through the sticking probability p H . With drawing in figure 5 the erosion rate in log scale versus surface temperature at constant low H flux (power is 10 W), we observe a linear dependence. This indicates that p H is exponentially dependent on temperature as expected for sticking probability of atoms on surface:
ads E represents the adsorption energy of H on a-C:H surface which corresponds to the depth of the physisorption potential well. From the experimental points, we deduce ads E 0.2eV = . It is not surprising that this value ads E is close to the desorption energy of volatile species determined before. Indeed, the adsorption energy and desorption energy are similar if we consider the same specie in interaction with a surface. This interaction depends more on the specie than on the chemical composition of the surface. It indicates that the adsorption energy on a-C:H surface of H atoms and C x H y volatile species are almost identical.
Conclusion
We have studied the erosion mechanism of hydrogenated amorphous carbon thin films by H atoms using a microwave afterglow. First, we proposed a simple erosion model taking into account the adsorption of H atoms at the surface and desorption of hydrocarbon species. An expression for the erosion rate is deduced versus H flux, the sticking probability of H atoms on a-C:H surface and the desorption frequency. Experimentally, hydrogen flux at the film surface can be easily modified by varying the input source power as determined by TALIF. The erosion rate versus time exhibits a transient regime (with a characteristic time constant) and a permanent regime where the erosion rate is constant. For high hydrogen flux at the surface, the transient regime can not be observed; from the erosion rate versus temperature at constant H flux, we can deduce experimentally the energy of desorption of hydrocarbon volatile species. For low hydrogen flux at the surface, the transient regime is observed experimentally and is longer with decreasing temperature as predicted by the model from equation (6) . From erosion rate measured in the permanent regime, we deduce the energy of physisorption of H atoms on a-C:H surface. Finally, for high H flux, erosion is limited by desorption of volatile species from the surface which depends on temperature through the frequency of desorption. For low H flux, when erosion rate remains constant, ER is controlled by adsorption of H atoms on surface. For lower exposure time, desorption of volatile species may play a role.
